The room temperature tensile properties of iron with different purity levels (commercially pure, high-purity, and ultra-high-purity) were characterized at different strain rates in the framework of an international Round-Robin involving four laboratories (BAM, IMR-TU, NIST, and SCK•CEN). The test results were collected and analyzed by NIST, and are presented in this Technical Note. Data from all the participating laboratories were found in good agreement, thus allowing a clear assessment of the influence of strain rate and purity level on tensile properties (mechanical resistance and ductility). A clear increase of yield strength and, to a lesser extent, tensile strength was observed for all materials as strain rate increases and purity level decreases. The highest strain rate sensitivity was associated with the highest purity level (ultra-high-purity Fe). Ductility trends were less unequivocal, but typically an increase of elongation at fracture and reduction of area was detected as strain rate and purity level increase. Significant differences in tensile properties were observed between the two investigated types of high-purity Fe, which can be attributed to an influence of the production process in terms of melting environment (atmosphere and crucible), as well as differences in chemical compositions.
Round-Robin description
An interlaboratory comparison (aka Round-Robin) was conducted among four international laboratories for the characterization of the room temperature tensile properties of Fe with different degrees of purity, ranging from commercial purity (CP) to ultra-high purity (UHP). The purpose of this Round-Robin was to investigate the influence of purity level and strain rate on the tensile properties of iron.
The laboratories that participated in the Round-Robin are listed in Table 1 , along with the names of the scientists who were responsible for testing and reporting results. The participants' data were collected and compared by NIST, Boulder CO (USA) in consultation with the participating institutes. Four types of iron were tensile tested: commercially pure (CP) Fe, two types of high purity (HP) Fe, and ultra-high purity (UHP) Fe. The designations of the four types of pure Fe were K05 (CP), K02 (HP), S11 (HP), and A11 (UHP). Their impurity content, measured by the Institute of Material Research at Tohoku University (IMR-TU), is provided in Table 2 . Adding up the impurity contents in Table 2 , the following purity levels are obtained: The materials K05 and K02 were melted in argon atmosphere at 200 Torr (26.7 MPa) pressure, in a ceramics crucible (URC). S11 and A11 were melted in ultra-high vacuum (UHV, 10 -7 Pa), by use of a water-cooled copper crucible.
From the scientific point of view, the most interesting material is A11 (electrolytic UHP iron). It was obtained by use of an induction melting furnace, located at IMR-TU in Sendai (Japan). The furnace is capable of melting iron ingots up to 10 kg, and its main chamber can be evacuated to a base pressure of 6.7 × 10 -8 Pa. UHP Fe is used for the fundamental research on the intrinsic properties of iron and to determine the inherent effects of each impurity [1] [2] [3] .
For each material, participants received tensile specimens of the geometry shown in Figure  1 , which corresponds to the ASTM E8/E8M-13a Small-Size Round Specimen (Type 4). The specimens were manufactured and distributed by IMR-TU (Prof. Abiko). For every material, each laboratory was required to test three specimens at three different strain rates, i.e., 9 specimens per material, for a total of 36 specimens. Tests were to be conducted at room temperature (21 °C ± 3 °C) in accordance with ASTM E8/E8M-13a. As much as possible, an extensometer was required to be used to monitor specimen elongation. Due to miscommunication among participants, participating labs didn't all test at the same nominal strain rates. A summary of the tests performed is provided in the test matrix shown in Table 3 .
The following parameters were reported by participants 1 :
 Tensile strength, σTS (MPa);
 Elongation at fracture, t (%);
 Reduction of area, RA (%).
1 Participants also reported uniform elongation u (%). However, three of the four labs estimated u from actuator displacement rather than specimen elongation. This parameter was therefore not included in the analyses. 2 In case of discontinuous yielding, the minimum between the strength at an offset of 0.2 % plastic deformation (σp0.2) and the lower yield strength (σLYS) was reported as the yield strength for the test. Tests were conducted with an extensometer which was removed at approximately 1 mm elongation. Tests were conducted with an extensometer which was removed at approximately 0.7 mm elongation. 
2.
Results of the individual participants
BAM results
The test results reported by BAM [4] are presented in Table 4 . [4] .
Average values of all tensile parameters are presented as a function of tested material in Table 5 and as a function of strain rate in 
IMR-TU results
The test results obtained by IMR-TU 3 are presented in Table 7 . Note that reduction of area was not measured. Average values of all tensile parameters are presented as a function of tested material in Table 8 and as a function of strain rate in Table 9 . Average values are also illustrated in Figures The observed trends for yield and tensile strengths (Figures 6 and 7) are similar to the BAM results shown in Figures 2 and 3: strength decreases with increasing material purity and decreasing strain rate.
NIST results
The test results obtained by NIST are presented in Table 10 . Note that a fourth K02 specimen was tested at 10 -5 s -1 because of the anomalous results yielded by specimen K02-3_30. Figure 9 compares force/actuator displacement curves for the K02 (HP iron) specimens tested at the lowest strain rate (10 -5 s -1 ). The outlier behavior of specimen K02-3_30 is evident, with higher strength and lower ductility than the other three specimens. No apparent reason for this anomaly could be identified. However, we should also note that similar situations were also observed at 10 -3 s -1 and 10 -4 s -1 , in reference to specimens K02-1_30 and K02-2_28 respectively. -3_30 1E-05  177  244  42  92  S11-1_15 1E-03  103  219  71  97  S11-1_17 1E-03  109  219  67  96  S11-1_22 1E-03  109  220  67  96  S11-2_22 1E-04  92  212  67  95  S11-2_23 1E-04  94  214  76  96  S11-2_24 1E-04  94  216  63  97  S11-1_16 1E-05  64  194  61  96  S11-1_23 1E-05  71  196  64  95  S11-1_24 1E-05  76  197  61  97  A11-1_24 1E-03  78  214  70  97  A11-1_25 1E-03  74  208  73  96  A11-1_26 1E-03  76  211  65  94  A11-2_24 1E-04  53  197  67  96  A11-2_25 1E-04  52  197  70  96  A11-2_26 1E-04  48  194  65  93  A11-3_20 1E-05  39  183  80  93  A11-3_21 1E-05  37  184  68  93  A11-3_22 1E-05  38  187  59 Average values for all tensile parameters are presented as a function of tested material in Table 11 and as a function of strain rate in Table 12 . Average values and standard deviations (indicated by error bars) are also illustrated in Figures 10 to 13. 
K02-3_30

Figure 13 -Average values of reduction of area measured by NIST. Error bars indicate standard deviations.
As already observed for BAM and IMR-TU results, yield and tensile strength systematically decrease as the material purity increases and strain rate increases (Figures 10 and  11 ). Ductility parameters do not exhibit equally clear patterns. 
SCK•CEN results
The test results obtained by SCK•CEN are presented in Table 13 . For every test condition, specimens were tested at two strain rates (e.g., 10 -3 s -1 and 5 × 10 -3 s -1 ). The tests performed at 5 × 10 -3 s -1 , 5 × 10 -4 s -1 , and 5 × 10 -5 s -1 were conducted without extensometer. For these tests, the parameter sp02 was estimated from force and actuator displacement data, after linearization of the initial portion of the test record. For 9 of these 12 tests, sYS corresponds to sLYS, which is not affected by the use of actuator displacement or specimen elongation. -3_18 1E-05  193  256  50  94  K02-1_18 5E-03  224  262  50  91  K02-1_19 1E-03  194  246  50  92  K02-1_20 1E-03  208  257  46  90  K02-2_16 5E-04  201  253  49  88  K02-2_17 1E-04  185  244  47  91  K02-2_18 1E-04  202  261  38  88  K02-3_18 5E-05  177  242  52  92   K02-3_19 1E-05  167  234  48  91   K02-3_20 1E-05  187  250  40  92  S11-1_6  5E-03  145  229  71  97  S11-1_7  1E-03  111  218  68  97  S11-1_8  1E-03  111  218  71  97  S11-2_31 5E-04  117  221  76  96  S11-2_32 1E-04  93  208  70  97  S11-2_33 1E-04  96  209  70  95  S11-1_31 5E-05  75  203  68  96  S11-1_32 1E-05  67  195  62  97  S11-1_33 1E-05  71  197  65  97  S11-3_23 1E-05  114  210  61  93  A11-1_14 5E-03  107  215  80  96  A11-1_15 1E-03  72  204  72  97  A11-1_16 1E-03  72  204  71  94  A11-2_14 5E-04  71  206  75  97  A11-2_15 1E-04  52  195  68  96  A11-2_16 1E-04  49  194  68  96  A11-3_26 5E-05  44  188  68  94  A11-3_27 1E-05  38  180  65  94  A11-3_28 1E-05  39  181  65 Similar to the other participants, the results obtained by SCK•CEN confirm that yield and tensile strengths decrease with increasing material purity and decreasing strain rate, whereas ductility parameters do not exhibit specific trends. 
3.
Comparison of participants' data 
Yield strength
The 
Tensile strength
Elongation at fracture
General remarks
The comparisons presented in the previous sections show a tendency for SCK•CEN to measure higher yield strengths than the other participants (Figures 18 and 19) . The same is observed in Figure 21 for tensile strengths with respect to IMR-TU.
No other trends can be detected from the examination of Figures 18 to 24. 
Discussion
The tensile properties of the investigated materials, obtained by averaging the results provided by the Round-Robin participants, are presented in Table 17 . Table 17 have the following form:
where s is yield or tensile strength in MPa, and       dt d is strain rate in s -1 . The regression coefficients  and  are listed in Table 19 for the four materials, along with the coefficient of determination (R 2 ) of the regression. A power law is generally considered to provide the best description of the relationship between yield strength and strain rate at a given temperature [5] .
The exponent  represents the material's strain rate sensitivity at the test temperature.
In Figures 27 and 28 , elongation at fracture and reduction of area are also fitted by the use of power functions, just as a guide for the eye. However, trends are not clear and scatter is significant, so fitting coefficients for ductility parameters are not reported. Examination of Figures 25 and 26 confirms the well-documented increase of yield and tensile strength with increasing strain rates [6] [7] [8] [9] . The strain rate sensitivity, expressed by the coefficient  in Table 19 , increases with material purity, and is maximum for A11 (UHP iron).
Note also that the strain rate sensitivity of CP Fe (K05) and HP Fe (K02) is almost identical.
The influence of strain rate on tensile strengths (Figure 26 ) is smaller than for yield strengths, more so for the higher purity materials (Table 19 ). Once again, the coefficient  is highest for A11 (UHP iron). In this case, K05 (CP Fe) and S11 (HP Fe) yielded identical values of .
As already mentioned, trends for ductility parameters (elongation at fracture in Figure 27 and reduction of area in Figure 28 ) are less clear. Generally, ductility appears to increase with strain rate, with a few exceptions.
Strengthening mechanisms in iron typically include precipitation, as well as interstitial and solid-solution strengthening. As the purity of iron increases, the mechanical resistance (yield and tensile strength) decreases because of a cleaner microstructure which offers less resistance to the movement of dislocations. Trends for elongation at fracture and reduction of area are somewhat less well-defined. The effect of iron purity level on tensile properties can be appreciated in Figures  25 to 28 , but also in Figures 18 to 24 and Table 17 .
It is interesting to note that the Round-Robin results indicate a clear difference between the two materials classified as high-purity iron, K02 and S11. The former has mechanical properties which are relatively close to the commercially pure iron (K05), whereas the latter behaves very similar to the ultra-high purity iron (A11). Differences in chemical composition, such as the significantly different contents of C, N, and S in Table 2 , are certainly among the main causes of these observations. The effect of the melting environment (200 Torr argon in a ceramics crucible for K05 and K02; ultra-high vacuum in a water-cooled Cu crucible for S11 and A11) can also be considered a contributing factor.
Conclusions
An international Round-Robin was conducted among four laboratories (BAM, IMR-TU, NIST and SCK•CEN) in order to characterize the tensile properties of iron with different purity levels, ranging from commercially pure (99.984 %) to ultra-high purity (> 99.999 %). Tensile tests were performed at room temperature and at different strain rates in the range 10 -5 s -1 to 5 × 10 -3 s -1 . The data collected from the participating labs provide a consistent picture of the investigated materials' tensile properties, as well as of the influence of strain rate and material purity.
The following conclusions can be drawn from the analysis of the Round-Robin results.
(1) As expected, an increase of strain rate causes an increase of yield strength and, to a lesser extent, tensile strength for all the materials. Average test results were fitted by power law relationships, showing that the strain rate sensitivity (quantified by the regression exponent) increases with material purity. The effect of strain rate is most pronounced for ultra-highpurity iron (A11).
(2) Yield and tensile strength clearly decrease with increasing material purity. Ductility is similarly affected, although once again trends are less well-defined.
(3) A clear difference in tensile properties was observed between the two high-purity materials (K02 and S11), caused by differences in chemical composition and in the production process.
